Monoclinic nanocuboid WO 3 enhanced the photocatalyst efficiency of quasi nanobelt zinc oxide for the dye degradation in the presence of visible light radiation. Combustion synthesized ZnO resulted in a belt-like morphology through in-situ cluster formation of near spherical particles but homogenously disperses and intensely adheres with nanocuboid WO 3 during physical mixing.
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Introduction
Semiconductors have been extensively studied to degrade the organic pollutants in water 1 .
The pollutants can be removed using physicochemical methods like adsorption 2 , membrane separations 3 , nanofiltration 4 , biosorption 5 , electrochemical methods 6 and etc. However, this is only a transfer of pollutants from one system to another. In this perspective, advanced oxidation process (AOP) has been suggested as a good technique for degradation of pollutants and decolorizing contaminated water 7, 8 . Semiconducting materials like MnO 2 , TiO 2 -polyaniline composite and WS 2 /WO 3 nanoparticles are well studied for photocurrent response under UV light [9] [10] [11] . Among them, titanium dioxide (TiO 2 ) is the most studied photocatalyst due to its high photochemical efficiency, stability, low cost and non-toxic nature. A suitable alternative to this particular material is ZnO as it possesses similar band gap and absorbs in the solar spectrum in larger fraction than TiO 2 12 . However, the photogenerated charge carrier undergoes rapid recombination and lowers the photocatalyst efficiency. Since the generation of charge carriers is one of the key factors for the degradation of organic pollutants, their recombination is detrimental to achieve high photocatalytic efficiency. To solve this problem, recombination of the photogenerated charge carriers has to be suppressed with necessary modification to the material.
Zinc oxide with band gap of 3.2 eV is capable of absorbing irradiation in UV wavelength, but UV is only 4% of total solar light 13 . Thus, the prime objective remains in surface modification of a semiconductor photocatalyst to achieve higher light absorption capacity by shifting the absorbance to the visible wavelength 14, 15 . Hence, an attempt has been made to restrict the e --h + recombination phenomenon of ZnO and increase the photocatalytic efficiency by mixing of low band gap semiconductors 16 . Low band gap semiconductor WO 3 has emerging potential for electrochromic behavior in presence of visible wavelength, which can be mixed with ZnO for photocatalytic degradation [17] [18] [19] . Hence, different combinations of morphology and crystal structure for both WO 3 and ZnO should be optimized to achieve maximum photocatalytic efficiency [20] [21] [22] [23] .
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Several synthetic methods have been attempted to fulfil this requirement, but evaluation of their cumulative efficiency of these mixed oxides is limited in recent literature 24, 25 . WO 3 -ZnO mixed oxide is prepared in one step and 17.2% degradation efficiency has been achieved for methyl orange in the presence of 5 mol% WO 3 under light irradiation 26 . In addition, commercial grade ZnO has been used to prepare modified WO 3 -ZnO rod mixed oxide through hydrothermal method and reported 44% photocatalytic efficiency for 5 at% WO 3
24
. Co-precipitation followed by calcination resulted in a WO 3 -ZnO composite, which showed 53% degradation efficiency of acid orange II in the presence of 8 wt% WO 3 25 .
In this study, we have determined the optimum amount of WO 3 with ZnO that exhibits the maximum photodegradation efficiency for the degradation of both the cationic and anionic dyes.
For this purpose, WO 3 nanocuboids and ZnO rectangular slabs were synthesized by the hydrothermal and combustion method, respectively. The details of the phase, crystal structure, morphology and surface area of WO 3 , ZnO and WO 3 -ZnO mixed oxide composites has been studied systematically. Furthermore, band gap and photoluminescence measurement has been performed to understand the photocatalytic activity of optimum WO 3 loaded ZnO for the degradation of both dyes under visible light irradiation.
Experimental Procedure
Synthesis of WO 3 nanocuboids
Analytical grade chemicals were used without further purification. WO 3 
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Synthesis of ZnO nanoparticles
Zinc oxide (ZnO) nanoparticles were synthesized by wet-chemical combustion method. In a typical synthesis, stoichiometric quantities of zinc nitrate hexahydrate and oxalic acid was taken in crystallization dish (50 × 100 mm) and dissolved in minimum amount of water at room temperature to form clear solution. The prepared aqueous solution was kept in a preheated muffle furnace at 450 ± 10 o C until complete combustion. Initially, the furnace was opened to allow passage of sufficient air for the completion of chemical reaction and formation of white porous mass. Herein, the described ZnO quasi fiber process optimization is described in details somewhere else 27 . The obtained dry, porous material was ground using mortar and pestle, and used for preparation of WO 3 -ZnO mixed oxides.
Preparation of Mixed oxides
For the preparation of WO 3 -ZnO mixed oxides, known amounts of WO 3 & ZnO nanopowders with different weight ratios (0, 10, 20, 30, 40, 50 and 100) was ground well for about 30 min. The mixture was then suspended in 20 ml water followed by ultrasonication for 1 h to form a colloidal solution. The solution was oven dried at 80 o C and subsequently heat treated at 450 o C for 2 h in oxygen to ensure the effective mixing of photoactive mixed oxide catalyst. The catalysts were characterized through XRD, TEM, UV-DRS and photoluminescence measurements. This mixture was used for photocatalytic experiments without any further modification.
Irradiation assessment
The photocatalytic experiment was carried in a setup consisting of jacketed quartz tube with jacketed Pyrex slurry reactor enclosed in a rectangular hard wood casing. A 400 W metal halide lamp (Philips-India, λ max = 510 nm) was placed in the quartz tube. The set of quartz tube and lamp was gently placed inside a slurry reactor. Water supply was provided through jacket of quartz tube 
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and slurry reactor to avoid thermal degradation, and temperature at 29 ± 2 o C. The dye solution was kept in a slurry reactor and lamp was positioned 2 cm above from the top level of the suspension. In the present system, photocatalytic performance of both cationic, methylene blue (MB) and anionic orange G (OG) dye was performed in the presence of mixed oxide catalyst. 50 mg of the catalyst was dispersed in 10 ppm concentrated 50 ml aqueous solution of dye. The dye solution along with the catalyst was kept in a dark environment with stirring for 2 h to establish adsorption/desorption equilibrium. The aliquot ~5 ml containing dye and powder catalyst was taken out at given time intervals and was centrifuged at 3000 rpm for 10 min. After the catalyst separation, the change in dye concentration was determined through change in absorbance with a UV-Vis spectrophotometer.
The absorbance value of methylene blue and orange G was taken at 664 nm and 476 nm, respectively. After each measurement, the aliquot along with the catalyst was transferred back to the reaction slurry to avoid volume and concentration change of both the dye and catalyst. The catalytic experiments were repeated thrice and the relative error was less than ±3%. The optimized catalyst was compared with the standard photocatalyst Degussa P25 TiO 2 .
Analytical methods
X-ray diffraction (XRD) patterns for the powders were obtained using a Philips X-Ray diffractometer with Ni filtered Cu-Kα radiation (λ= 1.5418 Å). FESEM images for individual WO 3 nanocuboids, ZnO rectangular slabs and optimized mixed oxide was carried out using NOVA NANOSEM FEI-450 system. The powder was mounted on a double-sided carbon tape attached to a SEM stub and sputter coated with gold for 2 min. Specific surface area of optimized powder was measured using nitrogen as the adsorbate in a BET apparatus (QuantachromeAutosorb, USA).
Morphology was studied by transmission electron microscope (JEOL JEM-2100). UV-DRS measurement was done through Shimadzu spectrophotometer (UV-2450) to evaluate the band gap energy of WO 3 , ZnO and WO 3 -ZnO mixed oxides in the wavelength region of 200 -800 nm.
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Photoluminescence spectrum was measured using Hitachi F-4500 spectrofluorimeter. The excitation was made at 350 nm. 
Results and discussions
Phase analysis of WO 3 -ZnO mixed oxides
Morphological analysis of oxides
Field-emission scanning electron microscopic analysis including elemental distribution depicts the particle morphology and distribution phenomenon as illustrated in Figure 2 . Figure 2a shows the soft agglomerated WO 3 O predicts the intimate attachment within oxides, where ZnO appears as spherical nature of particles rather than rod shape. Interactive mixing within two different particles is necessary for the effective photocatalytic efficiency, which is further confirmed by TEM analysis after dispersion in liquid media.
More precise particle morphology information is determined from TEM and SAED pattern of the samples, as shown in Figure 3 . A distinct cuboid morphology of soft agglomerated WO 3 nanoparticles has an average particle length of ~152 nm and width ~120 nm ( Figure 3a ). The imperfect edge of each cuboid particle with blurred thickness is attributed to tilting of particles at certain angles. Selected area electron diffraction (SAED) pattern of WO 3 nanocuboid is shown in Figure 3b . An ordered array of spot is observed because of the single crystalline nature of the particle. Figure 3c shows ZnO rod shaped structure formed from hard agglomeration of spherical particles, as visualized from the image. Combustion is an exothermic process which promotes rapid formation of near spherical particles and their in-situ welding of a particular direction to form a fibrous like structure. A similar type 2D film of spinel ferrite instead of 1D quasi fiber formation during auto-combustion synthesis has been reported by Sutka et al. 28 .
Herein, the average particle size of the primary sphere is found to be ~60 nm. The concentric circle in SAED pattern represents the crystalline nature of the soft agglomerated particles (Figure 3d ). The specific BET surface area of WO 3 nanocuboid and ZnO spherical particles forming rod structure is found to be 5.16 m 2 /g and 17.8 m 2 /g, respectively. The BET surface area of 10% WO 3 -ZnO was found to be 15.9 m 2 /g. The specific BET surface areas of all the composites have been tabulated in Table 1 . The surface area of different weight ratio WO 3 -ZnO decreases with increasing WO 3 content. Figure 4b . The calculated band gap energy has been tabulated in Table 1 . The band gap of WO 3 and ZnO is found to be 2.78 eV and 2.95 eV, respectively. The energy band gap of 10% WO 3 -ZnO mixed oxide composite is almost similar to ZnO that is 2.95 eV but the resultant band gap decreases to 2.25 eV with increasing WO 3 content. However, an optimum content is required to reduce the recombination effect of ZnO.
UV-DRS and band gap calculation
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Photocatalytic measurements
During the photochemical reaction, adsorption of dye over the catalyst is an important phenomenon to understand the surface reactivity of the catalyst towards dye before photocatalysis.
Thus the dye solution along with the catalyst was kept in dark with rigorous stirring for 2 h to establish adsorption equilibrium. The adsorption of MB in the presence of different mixed oxide has been tabulated in Table 1 . Maximum and minimum adsorption of 17% and 8% was observed for WO 3 
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The photocatalytic performance of the prepared WO 3 -ZnO mixed oxide composite can be estimated from the kinetics of the photocatalytic degradation of the MB and OG dye solution, respectively. The photocatalytic degradation is governed by kinetics 30, 31 : −ln ‫ܥ/ܥ(‬ ) = ‫ݐ݇‬ where, C is the concentration at any time (t), C o is the initial concentration, k is the apparent reaction rate constant and t is the reaction time. The kinetic rate constant can be obtained from the linear plot of -ln(C/C o ) with t. The slope obtained gives the rate constant k in min -1 . The kinetic plots for both MB and OG with different WO 3 loading is represented in Figure 6a and 6b, respectively. The photodegradation for both the dyes is in accordance with the pseudo first-order kinetic reaction represented by the straight line fitting. The apparent reaction rate constant k (min -1 ) for different mixed oxide composites for photodegradation of MB and OG has been calculated from the slope of the kinetic plot and shown in Figure 7a and 7b, respectively. The obtained rate constant and correlation coefficient from plot is tabulated in Table 2 . For comparison, the activity of Degussa P25 TiO 2 for both the dyes is also tested as control experiments under identical conditions and presented in Figure 8a and 8b. Approximately, 60% and 50% degradation is observed for MB and OG under visible light irradiation, which is less as compared to combustion synthesized ZnO and optimum WO 3 -ZnO mixed oxide. This confirms that ZnO absorbs more energy in visible range than standard TiO 2 photocatalyst. It is observed that higher rate constant of 0.0231 min -1 and 0.0198 min -1 is found with 10% WO 3 -ZnO mixed oxide composite for MB and OG, respectively.
With decrease in WO 3 content in ZnO, the rate constant value increases thereby increasing the photocatalytic efficiency. The probable reason for increased activity could be attributed to the charge separation mechanism in the WO 3 -ZnO mixed composites. The charge separation mechanism has been discussed in the later section. The electron-hole recombination probably reduces with an optimum WO 3 content. The reduction in recombination is further supported by the photoluminescence spectra of the mixed composites as discussed later. Although WO 3 has visible light absorption, lower activity is observed for its narrow band gap resulting in high recombination 
rate. Therefore, WO 3 can be coupled with other semiconductor materials for charge separation and better photochemical activity.
Reuse of the photocatalyst
Multiple use assessment predicts the long term performance and economic viability of photocatalyst. The reusability of the optimum 10 wt% WO 3 mixed ZnO describes the consecutive photocatalytic degradation efficiency for both MB and OG as shown in Figure 9 . Each time centrifugation of the catalyst was carried to remove the solid catalyst and the catalyst was dried at 100 o C for further use. Initially, 93% MB degradation is found in 1 st run which decreases as 92%, 90% and 84% in 2 nd , 3 rd and 4 th run, respectively (Figure 9a) . Similarly, OG degrades as 89%, 88%, 86% and 83% in 1 st , 2 nd , 3 rd and 4 th run, respectively (Figure 9b ). The photocatalytic activity decreases till 10% and 6% for MB and OG, respectively for 4 consecutive cycles, as observed from the figure. Each reusable experiment is carried after proper adsorption-desorption equilibrium. To better understand the material stabilization of the reused catalyst composite XRD pattern of the optimized catalyst and reused catalyst after 4 th run is shown in Figure 9c . XRD pattern shows no significant change in the crystal structure after four consecutive cyclic runs of the catalyst. One of the probable reasons for decreasing activity could be leaching of the surface during the photocatalytic reaction attributing to the loss of active support sites. Moreover, the consecutive heat treatment after each cycle decreases the surface area of the catalyst resulting in partial aggregation of catalyst. The organic intermediates that are formed during the catalytic process can also adsorb on the surface, thereby reducing the overall efficiency of the photocatalyst. In addition, loss of catalyst also occurs during repetitive runs resulting in reduced photoreactivity 32 . The above results
suggest that the reactivity of the catalyst is completely effective till four consecutive cycles under metal halide irradiation. The working mechanism of the photocatalyst has been discussed in the later section. Electron-hole pair generation:
Charge transfer reaction: 
Photoluminescence study
The photo-recombination rate of electron-hole pair can be studied from the photoluminescence (PL) spectrum. Figure 11 represents the composite PL spectrum of ZnO, WO 3 , 70% WO 3 , 50% WO 3 and 10% WO 3 , respectively. The shift of absorption intensity towards higher wavelength is observed well in the absorption spectra as discussed in earlier (see Figure 4a ). It depicts the onset of absorption in the visible region from wavelength of nearly 350 nm which is similar to the visible light photocatalyst CdS-ZnS/ZTP, as reported by Biswal et al. 29, 37 . When the samples are excited at this particular wavelength, an intense emission peak appears at ~700 nm wavelength for all the Consequently, the visible light photocatalytic activity of the investigated composites increases at first and then decreases as the WO 3 content increases.
Conclusions
An optimum amount 1: 9 of nanocuboid WO 3 and quasi fiber ZnO was found to be an effective mixed oxide mixture for the photocatalytic decomposition of methylene blue and orange G, respectively. WO 3 acts as absorber of solar energy and ZnO as co-catalyst to reduce the electronhole recombination. However, higher content of WO 3 beyond 10 wt% decreases the photocatalytic activity due to increasing recombination rate of electron-hole pairs, as supported by the increasing intensity in photoluminescence spectra. The recombination rate is found to reduce in the presence of 10 wt% WO 3 . The mixed oxide can be reused effectively though the degree of efficiency slightly decreases with increasing number of cycles. 
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